Backround Brain death and cold preservation are major alloantigen-independent risk factors for transplantation outcome. The present study was conducted to assess the influence of these factors on transplantation associated injury independently or in combination.
INTRODUCTION
Kidney transplantation is the treatment of choice for the majority of patients with end-stage renal disease. In the face of the increasing shortage of donor organs, the number of renal transplantations using allografts form living donors has increased substantially over the past decade. Nevertheless, the majority of renal allografts are still retrieved from deceased donors.
Yet, transplantation outcome is poor compared to that of renal allografts obtained from living donors [1, 2] .
It has been well established that in the sequel of brain death, perturbation of organ function and structure develops, possibly as a consequence of hemodynamic instability, hypotension, hypothermia, and increased inflammation [3] [4] [5] [6] [7] [8] . Clearly, this will influence organ quality and hence affect long-term graft survival. Evidence has culminated in various experimental brain death models, that organs derived from such animals are prone to accelerated rejection after heart or renal transplantation [9] [10] [11] . Because brain death is a potential risk factor for transplantation outcome, there is an increasing urge to improve organ quality of deceased donors by means of donor treatment. The use of steroids [12] , soluble P-selectin glycoprotein ligand (sPSGL) [12] or dopamine [13] [14] [15] [16] are only a few examples that have shown a beneficial effect in this context.
Apart from brain death, organs from deceased donors are further injured by prolonged cold preservation, another alloantigen-independent factor which may in turn lead to functional deterioration [17, 18] . Prolonged cold storage is associated with poor graft outcome [17, 18] as it significantly affects organ quality by increasing tissue necrosis or apoptosis during organ preservation and reperfusion [19] [20] [21] [22] . Hypothermia also impairs the endothelial barrier function, thus resulting in parenchymal oedema and haemorrhage [23] . Aside from donor age, brain death and cold ischemia time have such a profound influence on graft outcome, they are likely the most important donor variables that might explain the difference in long-term graft survival between allografts from living versus deceased donors.
Although a number of studies already have documented the single influence of cold ischemia time or brain death on transplantation outcome, only in a few of these, have a combination of brain death and cold ischemia been investigated [24, 25] . Therefore, in the present study we addressed to what extent brain death and cold ischemia, have a synergistic effect on organ damage, tissue inflammation and graft histology after renal transplantation. 
METHODS

Animals
Histology and Immunohistochemistry
Paraffin embedding of harvested grafts was performed using routine procedures. Paraffin . Standard curves were generated in all experiments. PCR efficiency was assessed from the slopes of the standard curves and was found to be between 90% and 100%. Linearity of the assay could be demonstrated by serial dilution of all standards and cDNA. All samples were normalized for an equal expression of GAPDH. IL-10 and VEGF PCR were performed by light cycler, all other PCR were performed on a taqman platform.
Statistical Analysis
Numerical data are expressed as mean ± standard deviation. 
RESULTS
DNA damage
To study if BD and or cold ischemia affected organ quality before implantation, we assessed DNA damage in renal allografts by means of TUNEL staining. In renal allografts from LD only a few TUNEL positive cells were detected (1±3). This was slightly increased in allograft from BD donors (3±4). When renal allografts were subjected to cold preservation the number of TUNEL positive cells increased significantly both in LD (12±6) and BD (32±10) donors, compared to allografts that were not subjected to cold preservation (LD-Cp vs. LD+Cp:
P<0.05; BD-Cp vs. BD+Cp: P<0.01). Significantly more TUNEL positive cells were found in BD donors compared to LD (Fig 1) . 
Cold ischemia enhances renal infiltration after transplantation
We next assessed severity of inflammation response 10 days after transplantation in renal allografts obtained from all groups. When the allografts were not subjected to cold preservation (Cp), there was a tendency for an increased number of infiltrated ED1+ cells in grafts obtained from brain dead (BD) donors compared to grafts from living donors (LD) ( The number of MHC class II positive cells in the grafts obtained from BD or LD donors was also increased after prolonged cold preservation. However, no significant difference was observed in the number of MHC class II positive cells between BD and LD when the grafts were not subjected to cold preservation (Table 1B, 
Banff-Classification
Histologic scores according to the Banff 97 classification also revealed that the inflammatory response was significantly increased in both LD and BD donors when the grafts were subjected to cold preservation ( Fig. 3A ). In light microscopy we could also demonstrate the occurrence of papillary necrosis. This was observed in 20% and 25% of the animals in the BD-Cp and BD+Cp group respectively, but was not found in the LD groups (Fig. 3B ).
Papillary necrosis occurred after transplantation, since it was not observed directly after BD (data not shown). 
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Fig. 3B: Overview of a renal papilla in LD (panels to the left) and BD (panels to the right) donors. While in LD papilla necrosis was not observed, in 20 % of the BD animals this occurred after renal transplantation. An example of papilla necrosis is depected (panel to the right). Original magnification: 20x upper panels, 100x lower panels.
Cytokine expression
To assess if the cytokine profile was different amongst the groups, we performed quantitative PCR for VCAM-1, ICAM-1, E-selectin, TNFα, IL6, VEGF and IL-10. To this end total RNA was isolated from renal allografts 10 days after transplantation. No difference in the mRNA expression of VCAM-1, ICAM-1 was found between the groups. Although the mRNA expression of E-selectin was significantly higher in the BD-Cp group compared with the LDCp or LD+Cp groups, this was not found in the BD+Cp group (Table 3) . Similar findings were observed for IL-6. There was a tendency for an increased TNFα mRNA expression when the grafts were subjected to cold preservation, but this did not reach statistical significance. Both VEGF and IL-10 mRNA expression were significantly increased in the BD compared to the LD groups. This was more pronounced after prolonged cold preservation (Table 3) . 
DISCUSSION
Many studies have clearly shown that brain death is a donor associated risk factor that negatively affects transplantation outcome [27] [28] [29] [30] . There is also general consensus that prolonged cold preservation time significantly contributes to pre-transplantation injury as it results in tubular and vascular damage [17] [18] [19] . Although based on these findings, it can be anticipated that the combination of BD and cold preservation will lead to culmination of organ damage. There are, however, only a few studies that have investigated the combination of brain death and cold preservation on tissue damage after transplantation. Therefore we assessed to what extent BD, cold preservation or the combination of both affects posttransplant injury after renal transplantation.
The main findings of our study are that cold preservation, but not BD alone, increases DNA damage in renal tissue before implantation. BD augmented DNA damage when grafts were subsequently subjected to prolonged cold preservation. After transplantation renal inflammation was significantly higher in grafts that were subjected to cold preservation. BD aggravated inflammation as indicated by a higher score for MHC class II positive cells in these grafts. In particular, vasculitis but not tubulitis was significantly more severe in the BD+Cp compared to the LD+Cp group. BD, but not cold preservation alone, was associated with papillary necrosis. Papillary necrosis occurred after transplantation as it was not found directly after BD.
Prolonged cold preservation severely affects the vasculature and might impair the endothelial barrier function [31] . Endothelial barrier dysfunction is generally associated with edema formation, which might subsequently lead to vascular occlusion and secondary tissue ischemia. Although we did not investigate endothelial barriere dysfunction in the present study, we recently have shown in an isolated ventilated and perfused rat lung model that cold preservation severely affects the endothelial barriere resulting in profound edema formation upon lung perfusion, accompanied by an increase in mononuclear cell infiltration [32, 33] .
We are aware that these results may not be entirely extrapolated to renal grafts, but they do indicate the vulnerability of the micro-vasculature towards cold preservation. We did not specifically address if DNA damage occurred in endothelial cells during cold preservation.
However, based on the localisation of TUNEL positive cells, our data suggest that damage of peritubular capillaries might have occurred. Interestingly, BD alone did not affect DNA damage in renal tissue, but clearly augmented the number of TUNEL positive cells when these grafts were subjected to cold preservation. Due to hemodynamic imbalances hypoperfusion of the kidney could occur [13] . Reduced perfusion could in turn make the renal tissue more prone to cold ischemic damage.
Interstitial inflammation was not different amongst the groups. In contrast, vasculitis, a hallmark for acute vascular rejection [26] , was more severe in the BD+Cp group. This was not found for tubulitis, as the tubilitis scores between the BD+Cp and LD+Cp groups were not significantly different. BD alone also did not affect severity of vasculitis (LD-Cp vs BD-Cp, P=NS). In a retrospective study of Sanchez-Fructuoso [34] , BD was found to be a risk factor for acute vascular rejection. It must be stressed that in the study of Sanchez-Fructuoso all renal grafts were subjected to hypothermic preservation. Therefore BD alone might not be a risk factor for vasculitis but only in combination with cold ischemia, as our data suggest.
Recently, Mikhalski et al [35] showed that cold ischemia time is a risk factor for acute interstitial rejection when renal allografts were obtained from deceased donors. Cold ischemia time was not found to be a risk factor for acute interstitial rejection when grafts were obtained from living donor in the study of Simpkins et al [36] . These findings are not in agreement with the data from our model as for both living and BD donors cold preservation increased severity of tubulitis. It must be noted however, that in the study by Simpkins et al cold ischemia time was not more than 8 hrs, while in our study 24 hrs of cold preservation was applied. This might explain the conflicting results found in both studies.
Although Banff classification and immunohistology scores revealed a significant difference between the groups, this was not reflected by quantitative PCR analysis when mRNA expression of inflammatory genes was assessed. This might be explained by the fact that only a minority of infiltrated mononuclear cells were present in the vessel wall or tubuli resulting in different Banff vasculitis and tubulitis scores respectively. The majority of infiltrating cells were present in the interstitium and no differences in Banff interstitial infiltration scores were detected between the groups. Nevertheless, immunohistology showed that significant more ED1 and MHC class II positive cells were present in the grafts obtained from the BD+Cp group. Given that interstitial infiltration scores where not different between the groups, our data suggest enrichment of monocytes in the BD+Cp group. Because the inflammatory genes that were studied are not specific for monocytes, the results obtained from the quantitative PCR and immunohistology might differ.
A comparative immunohistochemical analysis of pretransplant donor biopsies from deceased and living related donors (LRD) have revealed high expression levels of E-selectin, HLA-DR antigens, ICAM-1 and VCAM-1 in biopsies from cadaveric kidneys, as opposed to that was found in biopsies from LRD kidneys [37] . Upregulation of inflammatory genes during BD have also been demonstrated by others using animal models [4, 7, 8] . This is compatible with our previous findings that BD increases the number of inflammatory cells in the kidney [13, 14] . Nevertheless, our present study revealed that 10 days after transplantation no large differences between the groups were found for the inflammatory genes that were tested.
While VCAM-1 and ICAM-1 mRNA expression was similar in the BD and LD groups, there was an increased E-selectin mRNA expression in the BD-Cp but not in the BD+Cp group.
Although it remains to be elucidated why this was not found in the latter group, endothelial damage as a consequence of vasculitis might underly this phenomenon.
With exception of VEGF and IL-10 no significant differences in mRNA expression for cytokines or growth factors were found between the groups. VEGF was strongly up-regulated in grafts from BD animals compared to grafts from LD donors. This was not influenced by cold preservation and did not correlate with the severity of vasculitis. VEGF is up-regulated by hypoxia in a variety of organs [38] [39] [40] . Hence the increased expression could be related to tissue ischemia. It has also been demonstrated, that acute brain trauma with consecutive sympathetic activation increases IL10 plasma levels [41, 42] . Ten days after transplantation IL10 expression was still increased in grafts from brain dead donor rats, probably as a response to renal inflammation.
Renal papillary necrosis can occur as a consequence of an ischemic process in the renal papilla [43, 44] . Interstitial inflammation may lead to compression of the medullary vasculature and thus predispose the vessels to ischemic damage. Also vasculitis compromises perfusion and hence can contribute to papillary necrosis. Since severity of vasculitis was higher in the BD+Cp group this might explain the higher incidence of papillary necrosis in this group. It remains to be addressed why papillary necrosis was only observed in grafts obtained from BD animals, even when the grafts were not subjected to cold preservation. One possible explanation might be related to hypoperfusion of the renal tissue during the state of BD, thereby predisposing the renal papillae to ischemic damage.
In conclusion, our study demonstrates that BD amplifies tissue damage before and after transplantation when renal allografts are subjected to prolonged cold ischemia. Because our study once more stresses the importance of minimizing cold ischemia time in grafts from deceased donors, strategies in donor management and/or organ procurement aimed to minimize pre-transplant injury are warranted. This could be feasible by donor preconditioning that limits brain death and cold preservation injury [15, 16, 45] . Alternatively, changing organ allocation, e.g. local organ donors for local recipients, would significantly reduce the time for cold preservation. While the later might be more difficult to implement for reasons of matching, multi-organ donation and logistics, donor pre-conditioning seems to be a more practical approach to overcome this problem.
